Abstract-We present Coplanar-Planar Goubau Line (PGL) transitions designed on high-resistivity Silicon to characterize a PGL using microwave probing. These transitions are optimized in the 57-64 GHz frequency band to present excellent electrical performances despite the field disturbance of the measurement setup. As the transitions are positioned on a probe station chuck, a glass substrate is added between the transition under test and the metallic chuck to minimize the disturbance. 3-D fullwave electromagnetic field simulations performed on a commercial software and on-wafer measurements show almost comparable results in term of scattering matrix parameters. Low losses are attained with a measured average transmission parameter of 2.5 dB at 60 GHz for a length of 8 mm of a back-to-back structure with the transitions at the extremities. The measured average insertion loss and return loss per transition are better than 1.36 dB and 11 dB, respectively, with a bandwidth greater than 7% at 60 GHz for a length of 1 mm (about a half of the wavelength at 60 GHz).
INTRODUCTION
The 57 to 64 GHz frequencies band is particularly attractive because of the licence-free accessible for Ultra-Wide Band (UWB) signals, the miniaturization of the systems and the security aspect of short range communications due to high atmospheric losses at 60 GHz [1] . In the 57-64 GHz band, the onwafer characterization of transmission lines or any microwave devices, with a probe station, requires generally a coplanar access; the most usual configuration is the Ground-Signal-Ground (GSG) one.
Several millimeterwave transitions have been studied, dedicated to the device characterization, the interconnection between different transmission lines or circuit layers together. A lot of them are 3D transitions including via holes [2] [3] [4] [5] [6] . Transitions without any via hole [7] [8] [9] present the advantage of an easier fabrication process. A microstrip-to microstrip vertical via-less multilayer transition [7] , based on a broad-side coupler structure, exhibits less than 0.7 dB of loss in the band from 57 to 66 GHz. A uniplanar Finite Ground Coplanar Waveguide (FGCPW) to microstrip line transition [8] provides a 0.2 dB insertion loss at 94 GHz and a return loss better than −17 dB from 85 GHz to 100 GHz and could be useful for CPW-probe to microstrip circuit measurements. A coaxial-to-strip line transition shows a return loss better than 10 dB and an insertion loss better than 6 dB up to 67 GHz for a backto-back structure of 1.55 mm length [9] . A transition, from coplanar waveguide to dielectric waveguide, is investigated for the integration of active devices in dielectric waveguides, and allows a maximum insertion loss of 1.7 dB and return loss better than 15 dB over 7% bandwidth at 60 GHz for a total length of 7 mm [10] . Grounded Coplanar Waveguide-Microstrip (GCPW-MS) transition on 8 µm-thick BCB deposited on a metalized low resistivity wafers for a 1 cm back-to-back structure can facilitate the characterization of components driven by MS transmission lines up to 77 GHz with insertion loss better than 2 dB [11] .
A few transitions have been designed in order to excite the Goubau mode. The PGL lines have already been characterized for higher frequencies by means of transitions: PGL to 50 Ω microstrip line circuit transitions on ceramic substrate (0.254 mm alumina), dedicated to feed PGL loads and power divider/combiner, present, for a 16 mm total length of the back-to-back structure, a 4 dB transmission parameter from 40 GHz to 60 GHz [12] , or dedicated to feed couplers with short range (60 GHz) radio [13] , a coplanar-Goubau Line transition on Duroid 5880 provides a 5-10 dB insertion loss and a return loss better than −12 dB from 140 GHz to 220 GHz for a back-to-back structure [14] and recently a "smooth" transition to match a periodic leaky-wave antenna at millimeter wave frequencies with PGL impedance to a coplanar waveguide [15] . The results for the transitions to excite the PGL mode [12] [13] [14] [15] seem less efficiency than for the other ones [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] : the PGL doesn't need a ground plane, contrary to the coplanar or micro-strip modes and the conversion from coplanar or micro-strip modes to PGL mode generates other modes or losses.
We have recently developed a low loss PGL structure on high resistivity silicon with a measured average attenuation of 0.064 dB/mm on the whole 57-64 GHz band [16] . The low losses and the low dispersion of the PGL, combined with a simple fabrication process, make it a good candidate for UWB applications. This line, because of its possible integrated circuit fabrication processes [12] [13] [14] [15] , can be used to realize functions without the necessity to report a ground plane: the width of the strip, the thickness and the relative permittivity of the substrate can be selected to favor the confinement of the field to reduce the attenuation or, in inverse, to favor the radiation of the PGL to couple the lines together (the lines must be curved to optimize the coupling) and realized couplers for instance [14] . It has been compared recently with a Inverted Microstrip Line (IML), that offers a natural mechanical encapsulation, protecting the device from any electromagnetic radiation [17] with the same characteristics of propagation mode, but with a more complex technological process: the PGL can be replaced by IML to offer a ground plane, or to prevent from the sensibility to the electromagnetic radiation. The characterization of PGL structures requires coplanar waveguide probe pads. In order to perform on-wafer measurement, transitions from the excitation access to the PGL line must be optimized. This paper presents coplanar to PGL transitions on high-resistivity Silicon. In Section 2, we describe the PGL structure and notice the variation of the different PGL losses because of the addition of the transitions. To take into account the measurement setup and avoid its disturbance, a glass substrate is added and we simulate the electric field distribution and the losses for different configurations. In Section 3, we report the evolution of the reflection and transmission parameters versus the measurement setup. In Section 4, we conclude this work. Figure 1 illustrates the studied transitions. The transition is actually operating as an impedance and field matching transformer between coplanar probes and PGL and has been designed to measure electrical characteristics of the PGL. The PGL can be compared to a high frequency band line, so in order to decrease the cut-off frequency of the PGL; we have to increase the substrate thickness and the relative permittivity [16] .
DESCRIPTION OF THE COPLANAR-TAPERED PGL TRANSITION
The coplanar to PGL transition have been realized on a high resistivity silicon substrate (60 Ω·m)
Cross-section at A The characteristic impedances are equal respectively to 50 Ω and 75 Ω for the coplanar access and the PGL. However, the PGL proposes a large variety of impedances to interconnect the components: characteristic impedances from 35 to 93 Ω are obtained in the 57-64 GHz frequency band for a line width between 50 µm and 500 µm.
The elliptical shape of the transition allows a continuous increase of the coplanar line impedance with the increase of the slot widths. The maximal slot widths, at the end of the transition, are chosen so that the characteristic impedance of the CPW is equal to the one of the GPL (75 Ω).
The length of the back-to-back structure is equal to 8 mm: this value seems to be chosen arbitrarily but it corresponds to the best performance for the transition with the measurement setup. It is reported in 3 paragraphs. A 8 mm PGL is compared with a 8 mm back-to-back structure, constituted of both similar transitions of 1 mm length and a 6 mm PGL (L 1 is equal to 6 mm in the Figure 1) . A deembeding to precisely characterize the transitions will be done in the 3.2 paragraph.
3-D ELECTROMAGNETIC SIMULATIONS

S-Parameters of the Coplanar-PGL Transitions
The geometry of the coplanar-PGL transition has been optimized using ANSYS HFSS (High Frequency Structural Simulator) software in order to reduce mismatching losses and field matching transformation between coplanar probes and PGL. The strip width (W ) remains unchanged along the transition and the slots (g) at the coplanar input access are designed to obtain an impedance of 50 Ω.
The scattering parameters of the back-to-back structure with and without the transitions are reported in Figure 2 and are calculated versus the characteristic impedance of the propagation line in contact with the simulation wave-port: the PGL and the coplanar line present respectively a S PGL h=350 µm S PGL h=350 µm S coplanar-tapered PGL h=350 µm S coplanar-tapered PGL h=350 µm ) term. The energy conservation is equal to 91.8% for the PGL and it is reduced to 81.2% for the PGL excited at the extremities by the transitions. The difference could be due to the excitation by the coplanar line to other modes and to the radiation or dielectric losses. To reduce the simulation time, a symmetric plane is used in the middle of the PGL, and we can verify the propagation of one mode at the beginning of the transition, the coplanar mode. The slot mode isn't observed because of the symmetry of the structure. Nevertheless, with the PGL structures without the transitions, several modes can propagate on the PGL.
Losses and Field Distribution with the Measurement Setup
During the measurement, the back-to-back structures will be placed on the chuck of a Microtech probe station and each port will be connected to ground-signal-ground probes [18] . The GSG configuration of the probes supports a coplanar waveguide mode, but, when the probes approach the metalized chuck beneath the wafer, other modes appear, as the MS between the probe conductor and the metalized chuck [19] . The effect of the metalized chuck, that modified the performances of the device under test, can be minimized by placing low-permittivity foam between the structure and the metalized chuck [20] . However, the effect of the metalized chuck cannot be totally removed, because of the limited space between the probes and the chuck.
In this study, a glass substrate of 500 µm thickness is added underneath the silicon to avoid the disturbance of the back-to-back structure by the proximity of the metalized chuck. So to take into account the measurement setup, the same glass substrate is added in HFSS simulations, as shown on Figure 3 . The chuck is modeled by a boundary finite conductivity (σ = 1.1 10 6 S·m −1 for the steel stainless) below the glass substrate.
The simulated electric field distribution along the transition is depicted on Figure 4 at different planes. For the propagation mode of the PGL, the field must be confined around the strip and decay in the transverse plane. We can see that the effect of the metalized chuck on the field is attenuated by the addition of the glass substrate in the B and C planes, while it isn't negligible in the A plane: the coplanar mode is clearly disrupted by the metalized chuck.
In a first step, the energy conservation is evaluated and compared versus different substrate configurations for the back-to-back structures of 8 mm length with and without the transitions at 60 GHz. The scattering parameters and the energy conservation are reported in Table 2 . The energy conservation that is equal to 91.2% for the 8 mm length PGL line without the transitions is reduced to 80.9% with the transitions, and breaks down to 70.5% in presence of the chuck and with the transitions. The difference could be due essentially to the excitation by the coplanar line to other modes [16] or to the confinement of the field along the edge of the tapered transition ( Figure 5) . Nevertheless, the metalized chuck, that decreases the energy conservation of the PGL with the transitions down to 55.3% for a 350 µm thick of silicon, can be minimized by placing glass substrate between the silicon substrate and the metalized chuck: then, the energy conservation is equal to 70.5%. In a second step, the losses of the PGL are calculated and compared with and without the transitions without the chuck (Table 3): in the Table 2 , it has been verified that the chuck didn't modify the total energy conservation of the PGL: the energy conservation stays around 93%. It can be explained by the field confinement around the strip not modified by the metalized plane. The characteristics of the first propagation mode are the same ones for the PGL structure with and without ground plane. In order to qualify and quantify the losses, we simulate the PGL line in free-space, or in a metallic waveguide, with perfect lossless dielectric or with a PEC (Perfect Electrically Conductor). The simulation in a metallic waveguide allows cancelling the losses by radiation, and the substitution of a PEC and of lossless silicon instead of gold and silicon leads, respectively, to deduct the metallic losses and the dielectric losses.
The transition addition allows finding almost the same values of loss by de-embedding for the PGL. Nether less, we have a slightly difference with the transition: the radiation losses are increased. We would like to calculate the radiation of the transition.
We inserted the structure, constituted of 350 µm of silicon on 500 µm of glass with and without the (a) (b) Figure 5 . Simulated E-field magnitude on the top of the PGL structure (with the scale of the Figure 4) . Table 3 . Simulated qualification and quantification of different losses ( dB/mm) of the PGL at 60 GHz of the back to-back structure of 4 mm length in considering the influence of the transitions without the chuck. Table 4 . Simulated reflection parameter, transmission parameter and energy conservation versus the structure in free space or in PEC waveguide for a 8 mm length back-to-back structure. transitions in a metallic waveguide and we compare with the same structure in free-space (Table 4) . Without the transitions, for the structure in a metallic waveguide, the energy conservation is equal to 92.5% and comparable with the 91.2% for the structure in free space. With the transitions, for the structure in a metallic waveguide, the energy conservation is equal to 87% in comparison with the 80.9% of the structure in free space: the PGL associated with the transitions has 6.1% radiated losses. So, the both transitions increase the radiation of the global structure.
THE TRANSITION DESIGN AND MEASUREMENT
The back-to-back structures have been achieved using standard photolithography techniques for two different widths of strip: w = 50 µm and w = 100 µm.
We present the results of the back-to-back structures for the 100 µm strip and the de-embedded results are compared for the both transitions (w = 50 µm and 100 µm).
The scattering parameters of the back-to-back structures are measured with a Vectorial Network Analyzer (VNA) and compared with the simulated ones, for a 100 µm strip. A Line Reflect Match (LRM) calibration was performed using a kit to eliminate parasitic errors that may affect the measurement results, like the probing effect and the measurement setup [18] .
We reported in Figures 6 and 7 , the scattering parameters of the back-to-back structure with and without the chuck, with and without the coplanar-tapered PGL transition in the 57-64 GHz frequency band for a total length of 8 mm and for a strip width of 100 µm. (L 1 = 6 mm correspond to the best obtained results, due to correct matching).
PGL0 is printed on a 350 µm thick silicon substrate over 500 µm glass without the coplanar-tapered transition and simulated in free space, PGL1 contains the coplanar-tapered PGL transition and is printed on a 350 µm thick silicon substrate over 500 µm glass on metalized chuck and PGL2 is PGL1 simulated without the metalized chuck.
The effect of the metalized chuck cannot be totally removed and the transition, even with the addition of glass substrate, is disturbed by the measurement setup:
-The matching of the back-to back structure, less than 40 dB for the studied frequency band for a PGL without the transitions and without the metalized chuck, is less than 15 dB for a PGL with the transition and with the metalized chuck. -The insertion loss pass from 0.4 dB without transition and metalized chuck to 1.7 dB at 60 GHz in considering the transition and the chuck in simulation and a maximum of 4 dB is obtained in measurement. -At 60 GHz the measured energy conservation of 59.5% is less than the simulated calculated one of 70.5% (L 1 = 6 mm).
We focus on a PGL of 50 µm and 100 µm wide strips, which present respectively 92 Ω and 73 Ω characteristic impedances. The S-parameters of the both transitions between the coplanar measurement 
S, dB
S _w50 µm_hSI=350 µm, hGLASS=500 µm_measured S _w100 µm_hSI=350 µm, hGLASS=500 µm_measured S _w50 µm_hSI=350 µm, hGLASS=500 µm_ground plane_simulated S _w100 µm_hSI=350 µm, hGLASS=500 µm_ground plane_simulated S _w50 µm_hSI=350 µm, hGLASS=500 µm_measured S _w100 µm_hSI=350 µm, hGLASS=500 µm_measured S _w50 µm_hSI=350 µm, hGLASS=500 µm_ground plane_simulated S _w100 µm_hSI=350 µm, hGLASS=500 µm_ground plane_simulated access and a PGL of width w = 50 or 100 µm, have been de-embedded from measurements and reported on Figures 8 and 9 .
The transition for w = 100 µm presents better performances that this one for w = 50 µm: the measured return loss of the transition is lower than −10 dB on the 57-64 GHz frequency band ( Figure 8 ) and the insertion loss is equal to 1.36 dB (Figure 9 ) at 64 GHz for a strip width of 100 µm. The difference between simulation and measurement for the return loss and the transmission ones may be caused by mechanical misalignments between the reference planes for the exciting mode due to the position of the probes: in measurement the probes aren't just positioned at the beginning of the transition. This phenomenon could be attenuated by the addition of a length of constant coplanar line in order to position the probes. Nevertheless, the de-embedded insertion loss per transition is approximately 1.36 dB from 57 to 64 GHz; this low-loss transition allows accurate measurement of PGL attenuation and phase constant: the measured loss for the PGL with w = 100 µm is 0.064 dB/mm [16] .
CONCLUSION
In this paper, coplanar-tapered PGL transitions are successfully designed, fabricated and characterized from 57 to 64 GHz. The low loss attenuation obtained for the PGL on high resistivity Silicon explains the necessity to realize low loss transition for such structures. The back-to-back structures are characterized on a probe station and disrupted by the metalized chuck. In order to attenuate all signals between the back-to-back structures and the metalized chuck, a glass substrate is added inside the transition-undertest and the metallic probe station chuck. The measurement setup is taken into account in FEM simulation and comparable results in term of reflection and transmission parameters are obtained. The design of transitions is verified from the back-to-back performance with insertion loss of 2.5 dB at 60 GHz for a length of 8 mm. Performances for the transition with less than 1.36 dB insertion loss and higher than 10 dB return loss in the 57-64 GHz band are obtained by de-embedding for a PGL with w = 100 µm.
